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Previewsactivation-inhibition network, predicted
by models of chondrogenesis, are also
active in the tooth. Indeed, actual tooth
bud condensations form in only a subset
of the mesenchyme that is in contact
with epithelial Fgf8 and Sema3f, suggest-
ing that there are mechanisms that refine
and stabilize the condensation after the
initial compressive activity. The under-
standing of how these mechanisms work
and what their molecular identities are
will have significant bearings on how the
morphology of the tooth, and by analogy
the skeletal element, is established.
As with all signaling systems, we en-
counter the problem of specificity in the
mechanochemical model for cell differen-
tiation. This is especially evident in the
neural crest-derived mesenchyme of the
mandibular arch, which can give rise to608 Developmental Cell 21, October 18, 2011both tooth buds and cartilage. If the differ-
entiation of either cell type depends on
condensation-generated force, how do
the cells know that they are in an odonto-
genic condensation and should therefore
not be chondrogenic? One can postulate
the presence of other signals that collab-
orate and conspire with condensation-
generating factors to determine cell fate,
but it is clear that more work is needed
to investigate the integration of other
signals into the mechanotransduction
pathway triggered by condensation to
shed more light on how it steers cell
lineage.REFERENCES
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In this issue of Developmental Cell, Marhavy´ et al. (2011) uncover a transcription-independent molecular
mechanism of interaction between auxin and cytokinin in the regulation of plant meristem function. Bymodu-
lating endocytic trafficking of PIN1, cytokinin controls auxin flux and, therefore, auxin gradients.Unlike animals, whose basic body archi-
tecture is defined during embryogenesis,
plants have the ability to constantly gen-
erate new organs from pools of stem cells
set aside during embryogenesis, primarily
at the shoot apical and root meristems.
Additional new organs can also form
from specialized cells, as in the case of
lateral root primordia that originate from
the pericycle cells. Both the maintenance
of existing meristems and the generation
of new ones are finely tuned by several
plant hormones. Among these hormones,
auxin and cytokinin have been shown
to play critical roles in the establishment
and maintenance of these stem cell
niches. Since the classical physiological
studies of the 1950s, the prevailing ideahas been that the interaction between
these two hormones is critical for the
correct balance of cell proliferation and
differentiation required for proper meri-
stem function. However, only recently
has the molecular mechanism behind
the interaction between these two hor-
mones started to emerge. Recent studies
have pointed to a role for cytokinin in
controlling the expression of the auxin
efflux carrier PIN1 (reviewed in Moubayi-
din et al., 2009). The findings of Marhavy´
et al. (2011), reported in this issue of
Developmental Cell, now add another
dimension to our understanding of cyto-
kinin-mediated auxin regulation.
Auxin or, more specifically, auxin gradi-
ents are conclusively linked to the prolifer-ative properties of root meristems. Auxin,
either locally synthesized or produced in
more distant tissues, is actively trans-
ported to generate an auxin maximum in
the root quiescent center. Key to active
hormone transport is the PIN family of
auxin efflux carriers, whose polar localiza-
tion at the plasma membrane confers
directionality to auxin transport. Contin-
uous endocytic trafficking of PINs be-
tween the plasma membrane and the
endomembrane compartments or the
lytic vacuole allows for rapid changes in
the distribution or levels of PINs at the
cell surface. Auxin maxima generated
by the direct activity of PIN1 and other
PIN family members in the QC cells are
then interpreted by the auxin signaling
Figure 1. Regulation of Auxin Transport by Cytokinins Is Mediated by Changes in the
Endocytic Trafficking of PINs
Cytokinins are perceived by a family of receptor histidine kinases (CRE1, AHK2, and AHK3) initiating
a phosphorelay cascade that goes from the receptors to the AHPs and then to the A-type and B-type
response regulators (ARRs). The B-type ARRs then bind to the promoters of cytokinin-regulated genes
altering their transcription. Among the direct targets of B-type ARRs are the A-type ARRs, negative regu-
lators of the cytokinin response, and SHY2/IAA3, the negative regulator of auxin responses. The upregu-
lation of A-type ARRs is thought to serve as a negative feedback mechanism to modulate cytokinin
responses, whereas the induction of SHY2/IAA3 has been previously shown to regulate the levels of
PIN1mRNA. Marhavy´ et al. have now found another route by which cytokinins modulate auxin transport.
By an as-yet-unknownmechanism, a signal initiated at the CRE1 cytokinin receptor modulates the rates of
trafficking of PIN1 to the lytic vacuoles. The bracket indicates that the cytokinin-triggered signal that
modulates PIN1 trafficking could branch out from any of the known cytokinin signaling components but
does not involve transcription.
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Previewsmachinery that feeds back into the reg-
ulation of auxin transport.
Cytokinins, unlike auxin, stimulate cell
differentiation. Consequently, activation
of cytokinin responses results in a reduc-
tion in the size of the root meristem. At the
molecular level, all cytokinin responses
were thought to be mediated by the
transcriptional regulation of cytokinin-
controlled genes. This transcriptional
regulation is initiated by a family of three
cytokinin receptor histidine kinases,
AHK2, AHK3, and CRE1 (Figure 1). The
interaction between the receptors and
the hormone initiates a phosphorelay
cascade, starting with phosphorylation
by the receptors of histidine phospho-
transfer proteins (AHPs) and the translo-
cation of these proteins to the nucleus,
where the cascade ends with the phos-
phorylation of the ARR protein family.
Two distinct classes of ARRs have been
identified. A-type ARRs are transcription-
ally induced by cytokinins but lack a
DNA-binding domain and negatively
affect cytokinin responses. In contrast,B-type ARRs positively regulate cytokinin
responses and are able to bind DNA (re-
viewed in Argueso et al., 2010).
Previously, several studies have high-
lighted the importance of the auxin-cyto-
kinin interactions at the transcriptional
level (Dello Ioio et al., 2008; Mu¨ller and
Sheen, 2008; Zhao et al., 2010). In one
elegant and illustrative study, the cyto-
kinin effects on the root meristem function
were shown to be in part mediated by the
downregulation of PIN1 mRNA levels
(Dello Ioio et al., 2008). Mechanistically,
this was achieved by the activation of
the B-type ARR1 by cytokinins; this acti-
vation directly promotes the expression
of SHY2/IAA3, a negative regulator of
auxin responses, and thus impinges on
PIN1mRNA levels. The resulting changes
in auxin distribution could, therefore, ex-
plain the well-known cytokinin-induced
reduction of meristem size. Although con-
ceptually elegant and experimentally well
supported, this discovery now appears
to be only part of the story. Marhavy´ and
colleagues (2011) convincingly show thatDevelopmental Cell 21cytokinin can quickly regulate PIN1 levels
by a mechanism that does not involve
transcriptional regulation. These findings
have several important implications. Not
only do they provide an additional and
potentially much faster mechanism of
regulating auxin gradients in response to
cytokinins, but they also reveal a distinct
branch of the canonical cytokinin sig-
naling cascade.
Using the development of the lateral
root primordia (LRP), another well-defined
developmental process that is strictly
dependent on auxin gradients, Marhavy´
and colleagues (2011) showed that the
cytokinin-mediated arrest of the LRP
organogenesis was accompanied by a
quick and dose-dependent decrease in
the levels of PIN1 in the plasma mem-
brane. These rapid cytokinin responses
required the functional cytokinin recep-
tors and, importantly, could still be ob-
served even when PIN1 was expressed
under the control of the 35S cauliflower
mosaic virus promoter or when global
new protein synthesis or RNA transcrip-
tion were drastically reduced. Together,
these results support the existence
of a transcription-independent cytokinin
signaling cascade that operates down-
stream of the CRE1 cytokinin receptor.
Furthermore, Marhavy´ and colleagues
(2011) found that either chemical inhi-
bitors or genetic mutations that alter
specific steps of endomembrane traf-
ficking negatively affect cytokinin-medi-
ated arrest of LRP development, pointing
to the regulation of endocytic trafficking of
PIN1 as the target of this cytokinin
response pathway. The authors showed
that the cytokinin-induced endocytosis
was fast and specific. After as little as
90 min of cytokinin treatment, PIN1 (but
not PIN2) levels were dramatically
reduced. This could be indicative of a
direct and specific interaction between
a still-undetermined component of the
cytokinin signaling pathway and PIN1.
In this regard, the finding that single
knockouts of two different B-type ARRs
dramatically reduce this fast cytokinin
effect on PIN1 levels would suggest that
the studied interaction between these
two hormones takes place at the level of
ARRs or further downstream. This is quite
surprising because the B-type ARRs
were believed to function as transcrip-
tional regulators, whereas the aforemen-
tioned results imply that these genes are, October 18, 2011 ª2011 Elsevier Inc. 609
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Previewsrequired for modulating a process that is
transcription independent.
Importantly, another recent report sug-
gests that the cytokinin-dependent post-
translational regulation of several PINs is
also key to the maintenance of primary
root meristems (Zhang et al., 2011). This
posttranscriptional regulation of PIN pro-
tein levels could be mimicked by the
loss of function of several A-type ARRs,
suggesting that this could be the branch-
ing point of this cytokinin signaling path-
way. The differences in the timing of
events and the specific PINs affected in
these two studies suggest the existence
of at least two different posttranscrip-
tional mechanisms by which cytokinins
regulate PIN protein levels. With the
wide arsenal of genetic tools available in610 Developmental Cell 21, October 18, 2011the reference plant Arabidopsis, the exact
node where this cytokinin signaling
module branches out from the canonical
phosphorelay cascade should soon be
revealed. In contrast, the identification of
the molecular elements that link the
receptor-generated signal with the degra-
dation of the PIN1 transporter may prove
more challenging. The study by Marhavy´
et al. (2011) represents a major step
toward deciphering the mechanisms
behind the phytohormone crosstalk that
drives the remarkable plant phenotypic
plasticity.REFERENCES
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